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Introduction
Scientific and commercial interests in lithiated transition metal oxides as a cathod of high energy density and rechargeable batteries increased considerably after the commercialization of lithium ion batteries using a carbon anode and LiCoO2 cathode in 1991.
Alternative intercalation compounds under development are spinel structure LiMn2O4 and related compounds with regard to both toxicity and cost. The theoretical capacity of spinel related compounds strongly depends on the valence of manganese ion and the vacancy site 16d in the spinel structure. 1 It is, thus, important to determine the valence state of manganese for the development of a battery and its quality control. When the battery material contains only manganese as the first transition elements, it is easy to determine the valence state using chemical reactions, such as the oxidation-reduction titration method. The influence of the partial substitution of Mn in LiMn2O4 with Li, Cr, Co, and Ni on their charge/discharge profiles has been investigated to improve the rechargeability of pure LiMn2O4. [1] [2] [3] [4] [5] The determination of the valence states of manganese in such doped spinels is difficult. The redox titration method is not suitable for the industrial quality control. A non-destructive chemical state analysis of the present analyte is highly required.
Core-level spectroscopies, such as X-ray emission (XES), Xray photoelectron spectroscopy (XPS), and X-ray absorption spectroscopies (XAS), can distinguish elements and their chemical state. Among such core-level spectroscopies, high resolution X-ray fluorescence spectroscopy (HRXRF), by using a double-crystal X-ray fluorescence spectrometer, has the following advantages:
(1) Because the primary X-ray excitation source (X-ray tube) has excellent stability, the measured spectra have good reproducibility. (2) The profiles of the HRXRF spectra depend on the chemical states. ( 3) The depth of analysis is on the order of micrometers, which means that the results are not affected by surface contaminants; this is different from XPS. (4) The electron beam used in an electron probe X-ray microanalyzer (EPMA) sometimes gives serious damage to the chamical state of the analyte. The XRF gives less damage than EPMA. Based on the characteristics listed above, the HRXRF is suitable to study the chemical states of bulk materials, such as the present analyte.
Although studies on the valence of the first transition-metal compounds have been performed using the Kβ X-ray spectra, 6 some disadvantages exist concerning the use of the Kβ spectra. The profiles of the Kβ spectra are larger, and thus more complicated, than those of Kα1. The intensity of Kβ is one fifth of that of Kα1. The low intensity causes a difficulty of determining the chemical state for low concentrations.
In the present work, the dependence of the chemical shift and the peak width of high-resolution Mn Kα1 X-ray fluorescence spectra on the oxidation number of manganese oxides were studied, where the oxidation numbers were from 2 to 7. The results were then applied to the determination of the oxidation number of manganese in lithium manganese oxides, where the average oxidation number was between 3 and 4. High-resolution the Mn Kα1 X-ray fluorescence spectra (HRXRF) were measured for a variety of manganese compounds, the oxidation number (valence) of which was from II to VII. Plots of the valence against the full width at half maximum (FWHM) and the chemical shift of the Kα1 X-ray fluorescence spectra give a curve and a liniar relation, respectively. The coefficient of correlation (R 2 ) for the latter plot was 0.989 between valency II and VII. More excellent linearlity from III to IV was obtained with R 2 = 0.995, which enabled us to determine the oxidation number of manganese atom in a nickel ion doped spinel structure, LiMn2O4 (LiNixMn2-xO4, with 0.2 < x < 0.42). From the valence of manganese ion obtained from HRXRF, the oxidation number of nickel ion is concluded to be divalent. † To whom correspondence should be addressed. E-mail: konishi.tf@om.asahi-kasei.co.jp ferrous-ferric titration method, 7 and the sources of the samples. In ferrous-ferric titration, the samples were dissolved in excess FeSO4 of a H2SO4 solution. Manganese ions of valence higher than 2 were reduced by ferrous ions. The amount of excess ferrous ions was determined by KMnO4. LiNixMn2-xO4 samples were prepared according to a sol-gel method. 14 The measured manganese metal was a plate, and other samples were in a powder form. After the powder samples were set on cellulose powder, they were pressed into tablets.
Experimental
The Mn Kα1 spectra were measured by a Technos XFRA 190 double-crystal spectrometer 15 equipped with a Rh anode tube. Ge(220) x2 analyzing crystals were used. Five scans for each spectrum were taken to insure the reproducibility of the spectrum. The Kα X-ray spectrum of manganese metal as a reference material was taken before and after a measurement of each sample.
The measured spectra were smoothed by the Savitzky-Golay method (9 points, 5 times). 16 The peak position, FWHM and asymmetry index were obtained by a method described in Ref. 17 . The peak position was defined as the mid point at 9/10 intensity of the peak. The difference between the Kα1 positions of the sample and the manganese metal as the reference material was defined as the chemical shift. The precision of the chemical shift, FWHM, and the asymmetry index depended on the sample (mostly due to the intensity), but the standard deviations were less than 0.015, 0.025, and 0.030 eV, respectively.
Results and Discussion
The measured representative Mn Kα spectra are shown in Fig. 1 for KMnO4, K2MnO4, β-MnO2, MnOOH and MnO, which were plotted after smoothing. The chemical shift, FWHM and asymmetry indices are listed in Table 2 along with the precision of the measured parameters.
Relation of FWHM and chemical shift of Mn Kα1 versus the valence of manganese
The number of 3d electrons in the manganese-oxygen system has a maximum of 5 at a valence of 2. It decreases with an increase of the valence, and reaches 0 at KMnO4. When one electron is ejected from a core level of the compound having unpaired 3d electrons, the energy state of the core level splits due to the exchange interaction between the core and the valence electrons. 18 The energy splitting width is crudely proportional to the number of 3d electrons. Figure 2 shows the relation between the FWHM of Mn Kα1 and the valence of the manganese ion. The FWHM decreased with an increase of the valence of the manganese with a weak linear relation. It is difficult to use the FWHM for determining the valence of manganese ion, because of the irregularity from a linear relation. Figure 3 shows the relation between the chemical shift of Mn Kα1 and the valence of manganese for all compounds examined. The chemical shift linearly decreases with the increase of the manganese valence (Case 1). The coefficient of correlation (R 2 ) was 0.989, as shown in The plot of the chemical shift versus the valence from 2 to 7 showed a straight line, and R 2 was 0.989, as discussed above. The plot of manganese ion with the valence between 3 to 4 resulted in a high R 2 , as shown in Fig. 4 . The plot gave two straight lines with R 2 = 0.995 and 0.998. The former plot was obtained by the Li-Mn-O systems including MnOOH (Case 2), and the latter was obtained using three different structure of MnO2, namely β-, γ-and λ-MnO2 (Case 3). Using these relations, the valence of manganese in the materials could be determined with high precision of less than ±0.05 valence.
Determination of the valence of manganese in nickel ion doped spinel
The partial substitution of manganese ion in the spinel compound LiMn2O4 by various metal ions has improved the battery performance, such as the cycleability and stability at high temperature. The obtained cathode materials, especially Ni-doped spinel, has a 4.7 V plateau, which is higher than that of pure LiMn2O4 (4.1 V) . 20 In these substituted complicated systems, the valence of manganese should be precisely estimated using the Mn Kα1 spectra. That is, the relation between the chemical shift and the valence of manganese, described above for the Li-Mn-O system (Case 2), can be directly applied. Here, we determined the average valences of manganese in LiNixMn2-xO4 by the chemical shifts of the Kα1 spectra. The valence of the manganese in LiNixMn2-xO4 with various doping levels (x), can be determined by Case 2 line as a working curve in Fig. 4 . As shown in Table 4 , the valences of manganese ion in Ni-doped spinel are increased with the increase in the doping level (increase in x-value).
The valence of nickel ion in Ni-doped spinel was obtained to be divalent by various methods, such as XPS, 21 
Conclusion
The chemical shift of the high-resolution Mn Kα1 X-ray fluorescence spectra for manganese compounds having valences from 2 to 7 were measured. A plot of the chemical shift vs. valence gave a linear relation. The limited range between the valence of 3 and 4 was used to estimate the valence of manganese ions in LiNixMn2-xO4, where it is impossible to determine only by the ferrous-ferric titration method. This indicates that the chemical shift of the high-resolution Mn Kα1 X-ray fluorescence spectra is a powerful tool to determine the valence of manganese in complicated materials having more than two kinds of the first transition-metal ions.
